Introduction
[2] One of the most uncertain contributions to the global radiative forcing is the indirect effect of aerosols to the backscatter of solar radiation by clouds [e.g., Charlson et al., 1987 Charlson et al., , 1992 . In this context, a quantitative understanding of Cloud Condensation Nucleus (CCN) production from different natural and anthropogenic sources would be very important. An aerosol source which has recently received considerable attention is the formation of new atmospheric particles in nucleation events; it is now known that such events occur frequently all over the world [Kulmala et al., 2004] . However, the question of the CCN generation efficiency of atmospheric nucleation events remains open: even though the events clearly produce large numbers of nanoparticles, it is not clear that the numbers of particles grown to the CCN size range (i.e. 50 nm and larger) is at all noteworthy compared to all other CCN sources.
[3] There are very few studies relating to CCN production from nucleation events. Pirjola et al. [2002] performed an aerosol dynamical model study of CCN production following coastal nucleation events, and concluded that the particles are able to grow to the CCN size range within about three days. Lihavainen et al. [2003] studied experimentally the production of ''potential'' CCN in nucleation events taking place at a pristine area (Finnish Lapland). By comparing particle concentrations before and after 19 individual nucleation events, they showed that the concentrations of particles larger than 50 nm and 80 nm increased on average by factors of 11 and 4, respectively. However, they concluded that because of the low frequency of nucleation events at their measurement site, the overall contribution of the events to the local CCN budget is likely to be minor. Andronache [2004] analyzed the precipitation removal of nucleation produced ultrafine particles, and concluded that below-cloud scavenging prevents the CCN formation with varying degree of efficiency depending on the regional precipitation frequency.
[4] In the present work, we study CCN production from nucleation events taking place at a polluted continental region. We analyze two and half years of continuous nucleation data from the San Pietro Capofiume station in Po Valley, Italy, measured within the framework of the EU project QUEST (Quantification of Aerosol Nucleation in the European Boundary Layer). This region is characterized by strong anthropogenic activities, and thus it is quite possible that the CCN budget is governed by other sources than nucleation. On the other hand, nucleation events are quite intensive and frequent in Po Valley, suggesting that they might be an important source of CCN. Below, we show that, quite surprisingly, this is indeed the case in spite of the polluted nature of the region.
Experimental
[5] Particle size distribution measurements between 3 and 600 nm were started at the San Pietro Capofiume measurement station (44°39 0 N, 11°37 0 W) on March 24, 2002. The station is located about 30 km north east from the city of Bologna, in the Po Valley, the largest industrial, trading and agricultural area in Italy with a high population density. High levels of pollutants are therefore reported for this region (Provincia Bologna, Pianificazione e gestione della qualità dell'aria nella provincia di Bologna, parte prima: Valutazione della qualità dell'aria, 2003, available at http:// www.provincia.bologna.it/ambiente/documents/aria_2003/ report_aria03.pdf). The measurements are carried out using a twin Differential Mobility Particle Sizer (DMPS) system, the first DMPS measuring particle size distributions between 3 -20 nm and the second one between 15-600 nm. One measurement cycle lasts for ten minutes. The twin DMPS is similar to the system described by Aalto et al. [2001] with some exceptions. The first DMPS is operated with aerosol flow of 1.5 l min À1 and sheath flow (dried with silica gel) of 10 l min
À1
, and the second one with flows of 1.0 and 6.7 l min À1 . The aerosol sample is taken at about 3 m above the ground and neutralized with a radioactive b-source (Ni-63). The aerosol was taken without any drying before 9 October 2002 and afterwards it has been dried with a Nafion drier (Permapure, MD-110-48SS) to prevent condensation of water in the sampling lines. The measured data were inverted using a Tichonov regularization method with a smoothness constraint [Voutilainen et al., 2001] taking account particle counter counting efficiency and diffusional particle losses in the tubing.
[6] Within the QUEST campaign from mid March to mid April 2004 a series of flights with a microlight aircraft [Junkermann, 2001] were performed to investigate both, the boundary layer structure and the three dimensional distribution of nucleation mode particles. The instrumentation included besides meteorological and radiation instrumentation two particle counters with cutoff sizes of 3 nm (TSI 3025) and 10 nm (TSI 3010). Flight patterns typically consisted of several vertical profiles up to $2500 m combined with low altitude horizontal legs between the station and the Adriatic Sea (approx. 50 km). While on March 25 the aircraft was on the ground after a morning flight during the event and took off later again, on March 27 six profiles were flown in the vicinity of the station during a nucleation event, followed by a second flight in the afternoon.
Nucleation Events
[7] We have thus far analyzed data obtained until August 24, 2004 . During this period, the DMPS instrument was operational on 748 days. As a summary, the data includes 304 nucleation event days, 217 non event days, and 227 days during which an event may or may not have taken place. Thus, the overall frequency of nucleation event days is at least 40%. The minimum frequency occurs in October -January, but even then it is about 20%, i.e. on average there is more than one event per week. During May-July, the event frequency is close to 60%.
[8] Figure 1 shows an example nucleation event from March 25, 2002. This was a very intensive event, and it can be seen that the largest particles reach diameters above 200 nm by midnight. In this case, the growth takes place in two sequences, first growth period occurring between about 10:00 and 13:30, and the second one between about 18:00 and midnight. In between the growth periods (13:00 to 18:00) the mode of the freshly formed particles first stays quite constant, and after 15:00 appears even to shrink in size. However, this could be an illusion due to the fact that we are sampling at a fixed location and not moving with the air mass. We have determined particle growth rates from the increase in the nucleation mode diameter during the first few hours following start of nucleation, in accordance with Kulmala et al. [2004] . The growth rates vary between 0.3 and 22.2 nm/h, with an average value of 5.7 nm/h.
[9] The second growth period, possibly due to condensation of semivolatile species in the evening as the temperature drops from about 13°C at 17:00 to 2°C at midnight, is stronger than the first period. Note that when a second growth period does take place, the behavior of the growing mode is irreversible in that it never seems to evaporate during the following morning as temperature increases again. An example of this can be seen in Figure 1 : the Aitken mode centered around 60 nm that exists between 00:00 and 09:00 results from a nucleation event and evening growth period the day before (24.3.2002) . During the morning hours, when temperature increases rapidly, the Aitken mode stays quite constant.
[10] A clearly distinguishable second growth period can be seen during 20 nucleation event days; however, because the particle diameter in plots like Figure 1 is logarithmic, growth which appears steady is in fact accelerated as particle size grows, so evening growth does take place more often. As a result, the average growth time from start of nucleation to 100 nm is just 10 hours, and the shortest growth time we have recorded is 4 hours 10 minutes. To make sure that the second growth period is not an illusory feature created by changing air mass, we analyzed 48 hour backtrajectories from the 20 days using the NOAA Air Resources Laboratory HYSPLIT model. Five backtrajectories in one hour intervals before and after the start of the second growth period were calculated for each day. In all cases, the routes of the backtrajectories changed only very little during the 5 hour interval, confirming that the growth is a real phenomenon. 
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[11] From the aircraft ascends the height of the nucleation layer can be directly derived from standard meteorological products like the potential temperature that is available from measurements onboard the aircraft. This is under high pressure conditions often different from layers of constant humidity or the maximum altitude where aerosol numbers are significantly dropping. On March 25 the layers containing most of the aerosols extended up to about 850 m. Above this altitude a significant drop of the dewpoint and another increase in the big particles above 300 nm indicated a further layer with aged polluted air masses. Typical for the Po-Valley the total aerosol layer consisted of several independent layers that can be individually separated. Potential temperature indicates a maximum mixing height of 700 m at noon. Under very similar conditions on March 27 the lowest layer where the nucleation took place extended only up to 600 m above ground. The particle counter measurements using two different cutoff sizes of 3 and 10 nm accordingly showed a big difference between both counters of 20000 particles cm À3 below 600 m while above this altitude in the other layers the difference of the two counters rapidly declined. During the nucleation event the height of the boundary layer did not change more than 50 m as the event occurred close to solar noon when the boundary layer was already fully developed. A mixed surface layer of about 600 m is typical for the area also for other seasons as observed during several previous campaigns even when during the summer months the maximum altitude of aerosol and pollution containing layers reaches up to 3000 m.
CCN Production
[12] In order to estimate the production of potential CCN, we calculated the increases in concentrations of particles in the 50-600 nm, 100 -600 nm, and 200 -600 nm size ranges on nucleation event days. We first determine visually the time t 1 when the leading edge of the growing nucleation mode reaches the lower limit of the size range in question (i.e. 50, 100 or 200 nm), and denote by t 2 either the time the particle concentration in the given size range reaches a maximum, or midnight, whichever comes first. The concentration increase in the given size range is then determined from the difference of the concentrations between times t 2 and t 1 , as depicted in the middle panel of Figure 1 .
[13] Table 1 shows the annual numbers of particles produced in nucleation events for the different size ranges, and average particle concentrations in the same size ranges. To make sure that the annual frequency distribution of the nucleation events is correctly accounted for, we analyzed exactly two years of the data (24.3.2002 -23.3.2004) for Table 1 . In order to assess the significance of the nucleation events as a source of CCN, we first consider the production of particles larger than 100 nm. Assuming that particle nucleation and growth occur in a well mixed boundary layer of 600 m height, the number of 100-600 nm particles shown in Table 1 corresponds to annual production of 9 Â 10 13 particles per square meter of the Earth's surface. Radke and Hobbs [1976] estimated that globally, the total annual CCN production from primary sources is on the order of 10 14 m
À2
. [14] To analyze the regional importance of the nucleation events as a CCN source, we first consider the average increases of the number concentrations in the three size ranges. These, together with the corresponding average concentrations, are shown in Table 1 . For all size ranges, the increases are on the same order as the average concentrations. The numbers of events in which more than 100 particles per cm 3 grow to larger than 50 nm, 100 nm, and 200 nm are 88, 84, and 81, respectively. This, together with the fact that nucleation occurs throughout the boundary layer, suggests that nucleation affects the regional CCN budget very much. Nucleation events with a clearly distinguishable second growth period contribute roughly 30% of the annual production in the two largest size classes shown in the first row of Table 1 .
[15] As a next step, we estimated particle source rates needed to support the average concentrations shown in Table 1 . In steady-state (SS), the particle source rate P = C/t, where C denotes particle concentration and t the average residence time. Balkanski [1991] gave a value of t = 4 days for particles near the surface. Using this value, we obtain simple estimates of particle source strengths in the different size ranges (Table 1) . It can be seen that the actual annual particle production from the nucleation events is on the same order as the SS estimate. Although the SS assumption is simplified, we believe that this comparison further shows that nucleation events can be an important source of CCN even in a polluted environment such as the Po Valley region.
[16] An independent way of considering the role of nucleation in the CCN budget is to estimate the regional primary particle emissions and to compare the source strength with that of the nucleation events. Regional emission databases do not usually have direct number emission data available so the emission rates have to be estimated from the particulate mass emissions. By using country emission data from EMEP database [United Nations Economic Commission for Europe, 2003] and two different emission distribution models (EMEP grid emissions from Vestreng et al. [2004] and emission model from MADE/EURAD regional model [see, e.g., Ackermann et al., 1998 ] we have estimated the average mass emission of PM 2.5 to be in the order of 17 mg/s/km 2 in the emission grid box where the measurement site was included. In both models the emission grid box (2082 km 2 for EMEP model and 729 km 2 for MADE/EURAD) included some area around the measurement site including part of Bologna for the larger grid. To transfer this into particulate number emission rates we assume that the emission profiles can be Annual production/cc 3.4 Â 10 represented by two lognormal modes with count mean diameters of 30 nm and 300 nm and standard deviations of 1.7 and 2.0 as used in MADE/EURAD base calculations. By further assuming that 2% of the mass emission is in the smaller mode we can calculate crude estimates of number emissions form mass emission data. To calculate the emission rates per volume we have to assume a well mixed boundary layer and an average boundary layer height of 600 m.
[17] The results are in the last row of Table 1 . The ''tail'' of the smaller emission mode influences the results significantly for all other than 200-600 nm case which is totally controlled by the larger emission mode. The estimated emission rates are close to the steady-state estimates and in the same order of magnitude as the calculated CCN production rates from nucleation, The overall annual emission rates per unit area were 4.7 Â 10 14 , 1.7 Â 10 14 and 1.4 Â 10 14 m À2 year À1 for the 50-600 nm, 100-600 nm and 200 -600 nm cases respectively which are well comparable with the Global estimate of Radke and Hobbs [1976] . It should be noted that the results are dependent on several assumptions; however, taken together with the SS-calculations, these emission estimates clearly show that nucleation produced particles form a significant percentage of the annual CCN budget in the Po Valley region.
[18] Our observational results do not support the calculations of Andronache [2004] , who concluded that precipitation removes nucleated particles efficiently from the air before they grow to the CCN size ranges, especially at rainy areas. The reason for the difference is that although Andronache used a very similar particle growth rate (5 nm/h) which we observe on average in Po Valley, he assumed that the growth only takes place during daytime, and thus it takes 2 -3 days for the particles to reach 100 nm. In contrast, our data shows that the growth continues in the evenings and sometimes throughout the night, and that the evening growth is accelerated. The result is that often it takes clearly less than one day for the particles to grow to the 100 -200 nm size range.
Conclusions
[19] We have shown in this work that, quite surprisingly, nucleation events can be an important source of CCN even in a polluted environment with strong primary particle emissions. The same conclusion can be reached by considering the increases in particle numbers in the CCN size range following nucleation events, by making a simple steady-state analysis of total CCN production and comparing it with that from nucleation events, and by comparing estimated primary emissions with the secondary particle production from nucleation. The important point to realize here is that although the primary particles are released from strong sources, they are diluted into the large volume of the boundary layer atmosphere, whereas nucleation produces particles practically in every cubic centimeter of the boundary layer.
[20] A key issue in the CCN formation following nucleation is the speed of growth of the particles. The average growth rate of 5 nm/h will take the particles to the 100 nm size range within one day provided that the growth is not restricted to the daylight hours, and our data shows that -at least in the Po Valley region -the growth can continue throughout the night. Moreover, we see that in the evenings, there is often a period of highly accelerated particle growth, which we attribute to condensation of semivolatile species as the temperature decreases. Notably, our data does not show decrease in the particle sizes during the days following such condensation events when the temperature increases again. It is likely that such irreversible behavior is caused by chemical reactions converting the semivolatile species into nonvolatile ones. Future challenges include identification of the condensing species and characterization of the heterogeneous chemistry leading to the retention of the condensed species in the aerosol phase.
